A heparinase that degrades both heparin and heparan sulfate (HS) was puriˆed to homogeneity from the cellfree extract of Bacillus circulans HpT298. The puriˆed enzyme had a single band on SDS-polyacrylamide gel electrophoresis with an estimated molecular mass of 111,000. The enzyme showed optimal activity at pH 7.5 and 459 C, and its activity was stimulated in the presence of 5 mM CaCl 2 , BaCl 2 , or MgCl 2 . Analysis of substrate speciˆcity and degraded disaccharides demonstrated that the enzyme acts on both haparin and HS, similar to heparinase II from Flavobacterium heparinum.
Heparinases, enzymes that eliminatively cleave heparin or W and heparan sulfate (HS), are very useful tools for elucidating the structures of heparin and HS responsible for various biological activities as a member of the glycosaminoglycans.
1) The enymes are classiˆed into three groups based on their actions on heparin and HS: heparinase I (heparin lyase I, EC 4.2.2.7), which acts mainly on heparin; heparinase II (heparin lyase II, no EC number), which acts on both heparin and HS; and heparinase III (heparin lyase III, EC 4.2.2.8), which acts mainly on HS. 2, 3) Heparinases have been puriˆed from various bacteria, including Flavobacterium heparinum, 4) Prevotella heparinolytica, 5) and Bacteroides stercoris, 6) among which the three heparinases from F. heparinum, a Gram-negative bacterium, have been well characterized 2, 7) and the genes have also been cloned and expressed. [8] [9] [10] [11] In an attempt to isolate bacterial strains producing glycosaminoglycan-degrading enzymes, we found a bacterium, designated HpT298, that produces an enzyme degrading both heparin and HS, and this bacterium was classiˆed as Bacillus circulans. In this paper, we describe the puriˆcation, properties, and substrate speciˆcity of the heparinase.
Bacillus circulans HpT298, a bacterium that degrades both heparin and HS, was isolated from soil by the method of enrichment culturing described by Payza and Korn.
12) The strain is an aerobic, rodshaped, endospore-forming, and Gram-positive bacterium. Based on these and other characteristics of the strain, the organism was classiˆed as Bacillus circulans. The bacterium was grown in a 5-liter jar fermenter containing 3 liters of PYH medium (0.75z polypeptone, 0.5z yeast extract, 0.3z sodium heparin (Scientiˆc Protein Laboratories), 0.1z K 2 HPO 4 , 0.02z MgSO4 ・7H 2 O, 0.1z NaCl, and 0.3z of a defoamer (KM-70, Shin-Etsu Chemical Co.), pH 7.0) at 459 C for 10 h with 1 vvm of aeration and agitation at 300 rpm.
Heparinase activity was measured by the increase in the absorbance at 232 nm of reaction products. 13) The standard assay mixture contained 50 mM TrisHCl buŠer (pH 7.5), 250 mg heparin (molecular weight: 13,000, bovine intestinal mucosa, Scientiˆc Protein Laboratories), 5 mM CaCl 2 and an enzyme source in a total volume of 100 ml. When necessary, 250 mg HS (molecular weight: 13,000, porcine kidney, Seikagaku Corp.) was used for the enzyme activity. The reaction was done at 459 C and started by the addition of an enzyme solution. Twenty-ˆve-ml portions were removed and put into test tubes, each containing 0.5 ml of 0.05 N HCl solution. The absorbance of the solution was measured at 232 nm. One unit of heparinase activity was deˆned as the amount of the enzyme that causes formation of 1 mmol of double bonds per min using an extinction coe‹cient of 5,500 M "1 cm "1 for the degraded products. Protein concentrations were measured by the method of Lowry et al. 14) with bovine serum albumin as a standard.
Puriˆcation of the enzyme was carried out by the following procedure. Cells (50 g wet weight) were suspended in 150 ml of 20 mM Tris-acetate buŠer (pH 7.0) and disrupted by sonic oscillation for 10 min at 180 W. The sonicated cell suspension was centrifuged at 28,000×g for 30 min. The enzyme solution was fractionated with ammonium sulfate. The pellet that precipitated between 30-60z concentration was dissolved in 20 mM Tris-acetate buŠer (pH 7.0), and the solution was dialyzed overnight against the same buŠer. The dialyzed solution was put on a DEAESephacel column (5.0×5.0 cm) equilibrated with 20 mM Tris-acetate buŠer (pH 7.0), and the enzyme was recovered by rinsing with the same buŠer. The unadsorbed enzyme solution was put on a sulfated celluloˆne column (3.0×12 cm) equilibrated with 20 mM Tris-acetate buŠer (pH 7.0), washed with the same buŠer, and then eluted with a linear gradient of 0-0.3 M NaCl at a ‰ow rate of 0.8 ml W min. The active fractions were combined, concentrated with an ultraˆlter (Toyo Roshi Co.), and then dialyzed overnight against the same buŠer. The dialyzed solution was put on a Sephacryl S-200HR column (1.5×60 cm) with elution of the same buŠer at a ‰ow rate of 0.6 ml W min.
The puriˆcation scheme is summarized in Table 1 . The puriˆed enzyme obtained from theˆnal gelˆltra-tion showed one band on SDS-PAGE (Fig. 1) . The heparinase was puriˆed 44-fold from a cell-free extract with a recovery of 9.5z. The molecular mass of the enzyme was estimated to be 111,000 by SDS-PAGE in comparison with those of marker proteins (Fig. 1) . The molecular mass (111 kDa) is substantially larger than that of Flavobacterium heparinase II (84 kDa) 2) and heparinase II-type enzyme (70 kDa) from Bacteroides stercoris 6) and is also larger than those of other heparinase enzymes (43-71 kDa). 2, 5) The N-terminal amino acid sequence of the enzyme was found to be ATQAVAIR, which is totally diŠerent from those of other heparinases. 6, [8] [9] [10] The optimum pH for the activity was at 7.5 in the case of 50 mM of Tris-HCl buŠer, and the enzyme was stable between pH 5 and 10 at 49 C for 16 h. The optimum temperature for the activity was 40-459 C. The enzyme retained 60z of its activity at 509 C for 1 h in 50 mM Tris-HCl buŠer (pH 7.5), but was almost inactivated at 559 C. and Ba 2+ ions, 1) which diŠers from our result.
The substrate speciˆcity of the puriˆed heparinase was examined using heparin, HS and some other glycosaminoglycans ( Table 3 ). The enzyme acted on both heparin and HS with activities of 650 and 525 mU W mg protein, respectively, indicating that the Bacillus heparinase belongs to heparin lyase II (no EC number), similar to heparinase II from F. heparinum. Other glycosaminoglycans, including chon- Table 4 . HPLC Analysis of Digested Disaccharides from Heparin and HS by Heparinase Heparin and HS were digested by heparinase at 459 C for 24 h in a mixture (100 ml) containing 50 mM Tris-HCl buŠer (pH 7.5), 10 mg heparin or HS, 5 mM CaCl 2 and puriˆed heparinase (4 mg protein). The reaction was stopped by boiling, and a portion of the mixture was analyzed by HPLC using a CarboPac PA-1 column (250×4 mm, Dionex). Samples were eluted with a linear gradient of 0.05-2.3 M LiCl at a ‰ow rate of 1.0 ml W min, being monitored by absorbance at 232 nm. Peaks were assigned by coelution with authentic unsaturated disaccharides (Seikagaku Corp), and the amounts of the disaccharides were estimated by the computerized integration of the peak areas.
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Fig. 2. Lineweaver-Burk Plots of the Heparinase Reaction on Heparin (A) and HS (B).
Heparin and HS at various concentrations were incubated with the puriˆed heparinase (0.2 mg protein) under the conditions described in the text. K m and V max for heparin and HS were calculated using the initial velocities of the absorbance at 232 nm.
doroitin A, C, D, and E, dermatan sulfate, and keratan sulfate, were little used as substrates ( Table 3 ). The disaccharide products of heparin and HS digested by the heparinase were analyzed by HPLC using a CarboPac PA-1 column (Table 4) . The disaccharides that were identiˆed in comparison by retention time with those of authentic unsaturated disaccharides were DUA-GlcNAc, DUA-GlcNS, DUA-GlcNS(6S), DUA(2S)-GlcNS, and DUA(2S)-GlcNS(6S), among which the latter two were found as major digested products of heparin, while DUAGlcNAc, DUA-GlcNS, DUA(2S)-GlcNS and DU-A(2S)-GlcNS(6S) were detected as the digested HS. These results are nearly the same as those of heparin and HS digested by heparinase II from F. heparinum, 1, 15, 16) Michaelis-Menten constants for the heparinase were calculated from Lineweaver-Burk plots (Fig. 2) . The Km for heparin was calculated to be 6.8 mM with a V max of 7.1 mg W mg protein W min, while the K m for HS was 5.9 mM with a Vmax of 6.0 mg W mg protein W min. Compared with Km and Vmax for other heparinase IItype enzymes, both of the Km and Vmax for heparin and HS seem to be smaller than those of enzymes puriˆed from F. heparinum 2) and B. stercoris.
6)
In this study, we compared some properties of the heparinase with those of other heparinase II-type enzymes from F. heparinum and B. stercoris, and we found that the substrate speciˆcities and other catalytic properties were not signiˆcantly diŠerent but that the heparinase diŠered from the others in molecular mass and N-terminal amino acid sequence and in kinetic constants. So far, only heparinases from F. heparinum have been commercially available. Thus, B. circulans heparinase may also prove to be a valuable tool for elucidating the structure-function relationship of heparin and HS.
